RECENT REPORTS of improved cardiac biopsy techniques, 1~5 coupled with the need for improved quantitative methods for the diagnosis of cardiomyopathies, give impetus to the development of new microanalytical methods for the biochemical characterization of cardiac tissue. The technique of amino acid analysis and electrophoresis are particularly suited to this problem not only because commercially available instrumentation can detect nanomolar quantities of specific amino acids and microgram quantities of specific proteins but also because such analyses of milligram quantities (wet mass) of tissue should distinguish among normal and several disease states. The present work involves (1) the adaptation of these methods to the study of cardiac tissue in animal models and (2) the use of the refined techniques to establish normal values for both actomyosin and collagen in human myocardium and to survey a variety of disease states for characteristic concentrations of these proteins in human tissue.
In early investigations, the contractile protein content of whole myocardium is explicitly or implicitly assumed to be noncollagenous protein.
"
9 More recent methods 10 "" have included fractionation procedures which not only require an order of magnitude more tissue than that reported here, but which also result in significant loss of material. Determination of myofibrillar Mg 2+ has been used to estimate contractile protein concentrations; 12 although magnesium is rather tightly bound to actin in the thin filaments, the myofibrillar magnesium is not all specifically and stoichiometrically bound to contractile protein. Still another method has depended on assay of 3 H-labeled amino acids fed to laboratory animals;"- 13 such procedures are not applicable to the study of human biopsy material. Determination of myosin by antibody techniques 14 is hindered by the unique solubility properties of the protein; the fact that complete extraction of the protein from the cellular matrix by nondenaturing solvents is not readily achieved can further complicate immunochemical assays.
Quantitative assays for actomyosin, the contractile protein complex and, therefore, an index of functional contractile tissue, were carried out on whole tissue using analytical electrophoresis in a denaturing solvent containing sodium dodecyl sulfate (SDS) and /3-mercaptoethanol; myosin and actin, which show characteristic mobilities in this solvent, are determined from densitometric scans of stained electrophoretograms. 4-Hydroxyproline, an amino acid characteristic of elastin and of collagen, the major proteins of connective and scar tissue, is an index of fibrosis in the sampled tissue and is determined by amino acid analysis of samples of whole myocardium.
The concentrations of collagen indicated by these biochemical techniques are confirmed by clinical findings and closely approximate the extent of fibrosis determined by histological examination. The extent of ventricular hypertrophy indicated by electrophoresis of cardiac tissue for actomyosin is confirmed by histological, autopsy, and clinical findings. 
Methods

Human Myocardium
Adjacent transmural samples were taken from both the interventricular septum and the free wall of the left ventricle near the apex at autopsy from 11 patients at Vanderbilt University Hospital and Nashville Veterans Administration Hospital. A representative full thickness section of the interventricular septum from a position halfway between the apex and base, approximately 1.5 x 1.0 x 0.5 cm, and a representative section of similar size of the lateral left ventricular free wall near the apex were obtained from each heart. These samples were bisected along an axis perpendicular to the myocardial wall to yield two identical adjacent sections of approximately 1.5 x 1.0 x 0.25 cm. The tissue samples for microscopic examination were fixed in neutral buffered formalin and embedded in paraffin; samples for biochemical analysis were incubated for 24-36 hours in 50% glycerol-50% 0.15 M NaCl at 5°C and then stored at -20°C for as long as 32 weeks with no detectable proteolysis or change in ultrastructual features.
The study was conducted as follows. The pathologist (RBW) had no access to the chemical findings until completion of all analyses, nor did the chemists (JMH and DWF) have access to the clinical and histological findings until completion of the study.
Porcine Myocardium
Samples from interventricular septum and left ventricular apex from normal hogs, 6-8 month old, were obtained from a local packing house for the initial development of the techniques described here.
Rabbit Actin and Myosin
Actin was prepared from the back and hind leg muscles of 3-to 4-month old male albino rabbits by the method of Spudich and Watt; 15 rabbit myosin was prepared from the same tissue by the method of Holtzer and Lowey, 1 " as modified by Schuster. 17 Synthetic actomyosin was prepared from these purified proteins and was used for electrophoretic standards.
Reagents
4-Hydroxyproline (Pierce Laboratories, Inc.) was used as the standard for amino acid analysis; all other chemicals were analytical grade.
Amino Acid Analysis
Automated analyses were performed with a Beckman model 120B amino acid analyzer modified with an expaned range card in the recorder and high sensitivity cuvettes to detect as little as 1 nm of amino acid. For the determination of 4-hydroxyproline, 0.9-x 56-cm columns were used. The column resin was Durrum DC-1A; the elution buffer was 0. 20 Manual analyses of myocardium for hydroxyproline were performed as described by Blumenkrantz and Asboe-Hansen. 18 Standard curves were run for each assay. Samples were prepared in the same way for both automated and manual amino acid analysis. A tissue sample weighing 20-30 mg was finely minced with a razor blade and transferred quantitatively to a clean glass ampul to which 6 M HO (100 /xl/mg tissue) had been added. The ampuls were routinely sealed under vacuum and hydrolyzed for 72 hours at 110°C. The hydrolysates were dried by dessication under vacuum or by flash evaporation and then redissolved in citrate buffer (0.2 M, pH 2.20) for automated analysis or in distilled water for manual analysis. The collagen concentration in myocardial samples was determined from the tissue mass and from the 4-hydroxyproline content of 11.4% in cardiac collagen as calculated from the amino acid analysis.
19
Actomyosin Assay Preparation of Samples
Tissue samples for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were weighed, minced by hand on a stainless steel surface, and suspended in 66 ju,l of 1.0% SDS-1.0% /3-mercapoethanol-10.0 ITIM Na + -phosphate buffer, pH 7.0, per mg of tissue. For samples of more than 5 mg of tissue, further disruption was achieved with a high-speed mechanical homogenizer (Polytron, 10-mm head, power 7, Brinkmann Instruments); smaller samples (1-5 mg) were homogenized by hand with a Teflon pestle microhomogenizer. Homogenizers were rinsed twice with 0.5 volumes of the same buffer. Homogenates were incubated for 10 minutes in a boiling water bath and subsequently dialyzed for 24 hours at 22-25°C against 0.1% SDS-0.1% /3-mercaptoethanollOmM Na + -phosphate buffer, pH 7.0. Twenty, 30, and 40 fi\ of the dialyzed solution were mixed with 100, 90, and 80 /xl, respectively, of 50% glycerol-0.1% SDS-0.1% /3-mercaptoethanol-10.0 ITIM Na + -phosphate (pH 7.0)-0.5 mg/ml bromphenol blue (BPB). The most concentrated of these solutions contained 2.5 ^g tissue//j.l, or about 0.25 mg protein/ml; 75 /xl of each were applied to gels.
Preparation of Standards
Rabbit skeletal muscle actin and myosin were subjected to exactly the same denaturing and electrophoretic conditions as the myocardial samples. Routine standard solutions were prepared by mixing 60 ;u. l of a solution containing both denatured, dialyzed myosin (0.5 mg/ml) and actin (0.2 mg/ml) with 100 /x\ of the glycerol-SDS-BPB buffer described above. Varying concentrations of actinmyosin also were electrophoresed under the conditions described below in order to verify the results of Bradford, 20 Potter, 21 and Pardee and Bamburg 22 that dye binding to these proteins is a linear function of protein mass (Fig. 1) .
Preparation of Gels
Just prior to use, gel tubes were washed with hot water and detergent, rinsed with tap water, soaked in 6M nitric acid for 72 hours, rinsed with deionized water, and oven dried. Buffered acrylamide solution [4.87% acrylamide- .0 mix Na+-phosphate, pH 7.0, in order to produce a horizontal interface between the gel and applied sample. Protein bands in gels from properly cleaned tubes showed virtually no curvature when run under the conditions described below. Polymerized gels were carefully examined for uniformity; any gels of varying length or any exhibiting visible schlieren or heterogeneity in index of refraction were discarded.
Electrophoresis
SDS-PAGE was carried out in these 5.00% polyacrylamide gels at 23.0 ± 0.05°C by the method of Weber and Osborne.
2 ' 1 The apparatus used was a BioRad model 220 dual vertical slab gel electrophoresis cell modified to accommodate disc and/or slab gels. Gels were mounted in the electrophoresis cell and the last bit of overlay buffer was siphoned away with the tip of a tissue; 75 /xl of sample or standard solution (see above) were applied to each gel. Samples were carefully overlayed with 0.1% SDS-10.0 ITIM Na + -phosphate buffer (pH 7.0), and electrophoresis was carried out for 30 minutes at 30 V constant voltage, then for 240 minutes at 50 V constant voltage (5.6mA/ gel). Electrophoresed gels were stained in the WeberOsborne 23 -Coomassie Brilliant Blue solution for 4 hours at 27-30°C. Destaining was carried out at 27-30°C for 72 hours in the Weber-Osborne 23 destaining medium; this facet of the procedure was greatly facilitated by the use of several yards of medium weight natural yarn used in place of charcoal or other filters with the destaining medium. Stained-destained gels were stored in total darkness before and after scanning. Each gel was scanned at least three times at a scanning rate of 1.0 cm/min with a 0.5-x 2.30-mm slit, and at 580 nm with A 580 = 0.000 at a point beyond the position of the tracker dye in a Gilford spectrophotometer equipped with a scanning attachment.
Evaluation of Gel Scans
The intensity of Coomassie Blue stain was determined by gravimetric integration of myosin heavy chain and of actin peaks in scans of electrophoretograms from whole myocardial samples and from the rabbit skeletal muscle actomyosin standards. Baselines for these scans could be determined by extrapolation of peak area of myosin heavy chain or of actin vs. /xg applied tissue curves to zero fig tissue. These curves were consistantly straight lines with correlation coefficients 24 ranging from 0.998 to 1.000. Intercepts ranged from 0.185 to 0.445 A 580 -cm. Slopes of the peak area vs. /xg tissue curves were compared to slopes of standard curves for muscle myosin heavy chain and actin to yield fig of contractile protein//xg tissue. Figure 1 shows peak areas vs. fig muscle myosin applied to gel. The slopes of the standard curves for myosin heavy chain were 0.0489 ± 0.0002 A 580 -cm//ig myosin.
Protein Concentration
Protein concentration was determined by the methods of Lowry et al 25 with bovine serum albumin used as standards.
Histology
The fixed and paraffin-embedded tissue samples were processed for microscopic examination. One hematoxylin and eosin-stained transmural section was processed from each tissue block. In addition, a second transmural section from each sample of the Vanderbilt University Hospital hearts was stained with collagen-sensitive Masson's trichrome. All the hematoxylin and eosin sections were examined on one day and set aside for 2 weeks, at which time they were studied again. Each time the slides were studied the percent fibrosis was estimated as percent of whole myocardium in near endocardium, midmyocardium, and near epicardium. Estimates made at the two different times were not significantly different. The Masson's trichrome sections were studied only once at a later date.
Results
Animal Model System
Hydroxyproline is characteristic of collagen and is roughly constant in mammalian collagens from a variety of sources. 26 The amino acid analyses of various samples of porcine myocardium are summarized in Table 1 manual method, however, requires less time for a series of samples and was used for subsequent study of liuman myocardium. The levels of hydroxyproline in the left ventricular wall, the left ventricular apex, and the interventricular septum of hearts from healthy young pigs are not statistically different ( Table 1) .
Electrophoresis of the homogenized porcine cardiac tissue samples shows that the major proteins in the denaturing-reducing medium are the contractile proteins, actin and myosin (Figure 2 shows a typical gel scan of whole human myocardium); 1-2 mg of tissue are sufficient for duplicate runs of SDS-PAGE. Gel scans indicate that (Table 1 ) of cardiac tissue (wet mass) from young healthy pigs is actomyosin.
Human Myocardium
Transmural myocardial samples, taken at autopsy from the interventricular septum and left ventricular apex of 11 patients ranging in age from 28 to 85 years (mean age, 
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by guest on February 20, 2013 http://circres.ahajournals.org/ Downloaded from 59), were bisected along the axis perpendicular to the wall; one section was used for amino acid analysis and one for electrophoresis. The resulting strips were further dissected into three 15 to 30-mg pieces by slicing perpendicular to the strip axis (parallel to the wall). Each of these pieces was subjected to analysis. Figure 3 shows the distributions of actomyosin and collagen as a function of position in the septum or ventricular wall for three patients with different diseases.
A second set of transmural samples was taken from each apex and septum at a position adjacent to that of the above samples. Those stained with hematoxylin and eosin were examined histologically, and the extent of fibrosis was estimated as percent of total tissue in near endocardium, myocardium, and near epicardium. The Masson's trichrome-stained slides had an apparent fibrous tissue content 2.5% higher than the hematoxylin and eosinstained sections. Light micrographs of myocardium from each of three patient groups are shown in Figure 4 . The correlation of histologically estimated fibrosis with chemically determined hydroxyproline is strongly positive with a correlation coefficient of 0.947 for the 59 samples from 11 hearts (Fig. 5) ; the slope of the least squares line is 0.881 ± 0.064 mg collagen/g tissue • percent. The histological estimation of fibrosis compared with the chemically determined actomyosin shows no significant correlation; the correlation coefficient is 0.462. The results of correlation of chemical analyses microscopy is given in Table 2 .
Examination of the clinical histories and autopsy findings on gross examination showed that four of the 11 patients had apparently normal hearts and no history of cardiovascular disease, four had histories of myocardial ischemia with evidence of infarction and extensive atherosclerosis of the coronary arteries, and three had marked left ventricular hypertrophy, with severe hypertension in two cases and aortic regurgitation in one.
The distributions of actomyosin from all the transmural samples (six per patient) and the distributions from only the endocardial samples (two per patient) are given in Figure 6 . The statistical analysis of these data is given in Table 3 with the probability that the levels in diseased hearts are different from those in normal hearts computed by analysis of variance. 24 The amounts of actomyosin per unit myocardial mass in normal and ischemic hearts are not significantly different in either the transmural or the near endocardial samples. These levels in hypertrophied hearts are higher than in normal hearts, and the observed difference is statistically significant (P < 0.001).
FIGURE 5 Correlation of myocardial collagen with fibrosis. The level of collagen in the left ventricular apex and interventricular septum is determined as discussed in Methods and is shown on the ordinate as fig of collagen per mg of tissue (wet mass
The collagen analysis of transmural and near endocardial samples is given in Figure 7 . Statistical analysis of these data (Table 3) shows that the collagen levels in normal and hypertrophic hearts are not significantly different. The amount of collagen in myocardium from ischemic hearts, however, is approximately 3-fold greater than in normal or hypertrophied myocardium (P = 0.004).
Discussion
These studies describe the development of a quantitative micro method for the estimation of myocardial fibrosis and myofibrillar protein. The biochemical determination of myocardial collagen correlates well with pathological findings. Furthermore, the left ventricular endocardium shows increased collagen in all ischemic hearts but one, which had an old subendocardial lateral infarction. The techniques are directly applicable to examination of biopsy material. However, not all the analyzed tissue samples from all ischemic hearts show increased fibrosis on chem- ical and histological exaimination. The observation that some regions of the myocardium of ischemic hearts appear normal is in keeping with the knowledge that coronary artery disease produces regional myocardial dysfunction while portions of the heart remain functionally normal. For example, in the patient represented by V in the ischemic group of Figures 6 and 7 , the apex and left ventricular endocardium of the septum show greatly in- The mean and standard deviation for the distribution of actomyosin and collagen given in Figures 6 and 7 are shown, along with the probability that the protein distributions in diseased hearts are identical to the distributions in normal myocardium. A probability greater than 0.10 indicates an insignificant difference.
FIGURE 6 Distribution of actomyosin in patient groups. Actomyosin was assayed as described under Methods. The samples of myocardium are assigned to normal or diseased groups on the basis of clinical history. Symbols within a group denote different patients. Statistical analysis is given in
* Wet mass of tissue. t Mean ± SD (n).
creased collagen with normal levels of collagen in the right ventricular side of the septum. Gross examination of this heart revealed an old anterior-lateral apical infarction; the right ventricle appeared normal. Detailed consideration of the remainder of this group of patients further substantiates the focal nature of ischemic heart disease. Disorders such as valvular heart disease or congestive cardiomyopathy with left ventricular dysfunc- tion would be expected to have more uniform degrees of fibrosis throughout the left ventricle; such diseases would not be expected to show the marked scatter of fibrosis as seen here with coronary artery disease. Systematic histological and biochemical examination of such hearts will be undertaken shortly.
Previous studies"" 8 ' 27 of the hydroxyproline content in myocardium report levels of collagen compatible with the levels found here. Although data from other laboratories 6 " 9 indicate that the levels of collagen per myocardial tissue mass do not vary significantly from normal in left ventricular hypertrophy or in unaffected areas of ischemic hearts, in agreement with the results of the present study, an order of magnitude more tissue was required for the earlier work. 8 " 8 ' 27 This report attempts to correlate directly biochemical and histological determinations of fibrosis. The strongly positive correlation of collagen concentration with the histological estimation of connective tissue is quite encouraging and is substantiated somewhat by the tendency of actomyosin content to decrease with increasing collagen.
The present study reports direct determination of contractile protein concentration in whole myocardium. In earlier investigations,"" 9 muscle protein was either explicitly or implicitly assumed to be noncollagenous protein. It is shown here that the concentration of actomyosin may vary independently of collagen concentration. Previous studies involved determination of less direct"'' 2 parameters or used techniques not applicable to human biopsy material. 13 Determination of actomyosin by electrophoresis in a denaturing solvent is justified only if reported levels are not erroneously high due to the presence of other proteins with similar molecular weights or erronerously low due to proteolysis of actin or myosin heavy chain. Contamination is not a significant factor for two reasons: (1) The ratio of actin to myosin in these samples is the same as that found by other analytical methods for striated muscle;
2 " identical contamination of both actin and myosin heavy chain is unlikely. (2) The contractile protein complex comprises approximately 80% of the myofibrillar protein in striated muscle; 28 appreciable elevation of apparent actomyosin would require a large absolute amount of contaminating protein. Proteolysis is an unlikely possibility since electrophoretic patterns of muscle homogenates do not vary with time of storage. VOL. 42, No. 4, APRIL 1978 The actomyosin levels reported here show that the levels of contractile protein complex per gram of tissue is significantly higher in myocardium from hypertrophied left ventricles than in left ventricular tissue from normal or ischemic hearts. This result demonstrates that hypertrophy is not simply an increase in normal muscle mass but, rather, that it is accompanied by an increase in actomyosin concentration. That contractile protein levels are elevated with left ventricular hypertrophy is interesting in light of recent reports that Ca 2+ -and K + -EDTA-ATPase activities of myosin from hypertrophied myocardium are different from the enzymic activities of myosin from normal hearts.
2 *" 34 The degree of depression of enzymatic activity in pressure overload-induced hypertrophy 29 
"
34 is directly related to myocardial dysfunction. 35 The nature of changes in the myosin molecule responsible for the changes in enzymatic activity is not clear. Several authors have implicated cysteine residues, 31 ' 34 whereas others have evidence that the subunit structure of myosins from normal and hypertrophic muscle is different. 30 ' 32 Whatever the specific molecular basis for differences in myosins from normal hearts and those with left ventricular hypertrophy, the increase in actomyosin per unit tissue mass has several possible implications. For example, it may be that increased actomyosin synthesis can occur in response to both hemodynamic factors and ATPase defects.
In conclusion, microanalytical methods have been developed for determination of myocardial collagen and actomysin from biopsy material. Increased myocardial collagen concentration with normal levels of actomyosin occurs in focal regions of ischemic hearts. Increased myocardial actomyosin per unit tissue mass with normal levels of collagen is observed in tissue from hearts with left ventricular hypertrophy.
